Weibull slope (exponent) defined by equation (30) 
. PF T r rad1 a1 -o r 2-di rec t i on due t o press f i t on i n n e r r i n g based on press f i t and r i n g speed and Hertz l o a d i n g
INTRODUCTION
With advancements in turbomachinery, rolling-element bearing operating speeds and temperatures have been steadily increasing. loading on the bearing inner ring-shaft interface, and differential temperatures, the inner ring expands or grows relative to the shaft. This can result, even in a highly loaded bearing application, in the inner ring "walking" around the shaft. The most benign effect of this phenomenon is replacement of the bearing at overhaul and plating and regrinding of the shaft at the bearing position due to wear. However, in the most extreme cases, the wear of the shaft can either act as a stress raiser to cause fatigue or fracture of the shaft or in the case of hollow shafts actually wear through the shaft. In these cases, catastrophic or secondary damage can occur.
Because of centrifugal
In order to prevent motion of the inner ring around a shaft, designers have been specifying very tight interference fit between the inner ring and shaft where it is not practical to provide for a keyway or locknut arrangement. The interference fit is usually based upon the anticipated growth of the shaft and bearing under the most severe operating conditions. These conditions sometimes only exist for short time periods in the machine's operating cycle. Nevertheless, it is a very important design consideration for both safety of operation as well as maintainability. In recent years it has been noticed by some engineers that bearings which have higher than usual interference or press fits may have field lives which are shorter than those which were anticipated or calculated. The failure mechanlsm j s usually classlcal rolling-element (subsurface) fatigue. There has been no public documentation of the phenomenon.
Residual compressive stresses near the surface of a rolling element increases the rolling-element fatigue life of the surface under rolling contact loading (refs. 1 to 4). These compressive residual stresses can be developed for a number of processing operations such as grinding and shot peening (ref. 4). Tensile residual stresses while not common can negatively affect fatigue life. These tensile residual stresses would be analogous to those hoop tensile stresses which may be induced due to press fits and ring growth due to thermal and centrifugal effects. If residual stress can affect the fatigue life, then these other stresses which can be present may also alter the critical subsurface shearing stress and affect rolling-element fatigue life of the bearing inner race. 
Czyzewski (ref.
By letting u = Z/b and t = q s , these equations become
For roller bearings, the maximum shear stress is determined b.y the principal stresses in the Z (direction of Hertzian loading) and the Y (direction of rolling) direction. Thus
So, for Hertzian loading only, substituting from Eqs. ( 2 ) and (3) into equation (7) gives
But, from reference 7, P I ( e t eb) r e P o a b2 = ( 9 ) and Now, l e t then A = 2 P; ,
a Equation (9) can now be w r i t t e n 2 P '
S u b s t i t u t i n g equation (17) i n t o equation ( 8 ) gives
Thus, t h e shear stress, made nondimensional by t h e maximum Hertz stress, i s a d i r e c t f u n c t i o n o f u, t h e depth below t h e surface, as shown i n f i g u r e 2. A maximum value o f t h e maximum shear stress occurs a t a depth ( u ) o f approximately 0.78.
By t a k i n g t h e d e r i v a t i v e o f equation (18) w i t h respect t o u and s e t t i n g t h e r e s u l t equal t o zero, one obtains --d r 6
The s o l u t i o n t o equation (19) i s u = 0.78b152, and t h e corresponding equation f o r t h e maximum shear s t r e s s becomes Tmax = -0.30028 Smax (20) Equations (18) and (20) account f o r t h e subsurface stresses due o n l y t o t h e H e r t z l a n c o n t a c t and do n o t account f o r t h e e f f e c t s o f press f i t t i n g an I n n e r r l n g on a s h a f t o r f o r t h e e f f e c t s o f I n n e r -r l n g speed. These e f f e c t s can be accounted f o r , u s i n g t h e method o f superposition, by determining t h e values o f subsurface s t r e s s I n t h e Z and Y d i r e c t i o n as a f u n c t i o n o f depth below t h e surface t o correspond w i t h equations ( 5 ) and ( 6 ) .
Stress Due t o Press F i t From reference 9 we can w r i t e , f o r t h e hoop s t r e s s Note t h a t Po = 0 and t h a t P i i s due t o a press f i t o f t h e r i n g on a s h a f t , t h a t i s ,
A pi = r, K~ Equation (21) can be w r i t t e n 2 PF = ro 2 -ri 2 [, t ( $1 S i m i l a r l y , we can w r i t e , f o r t h e r a d i a l s t r e s s To utilize these equations, however, one must determine the relation between u and y so that the stresses can all be determined at the same location. Smax) . Note t h a t y = 0.90 i s t h e i n n e r r a d i u s and y = 1 i s t h e o u t e r r a d i u s o f t h e r i n g . I n f i g u r e 4(a), t h e s t r e s s due t o r i n g speed i s t h e l a r g e s t component a t t h e i n n e r surface, b u t t h e subsurface compressive s t r e s s due t o t h e H e r t z i a n l o a d i n g becomes dominant as t h e outer ( c o n t a c t ) surface i s approached. I n f i g u r e 4(b), t h e s t r e s s due t o r i n g speed i s again t h e l a r g e s t a t t h e i n n e r surface and t h e s t r e s s from t h e press f i t i s I n f l u e n t i a l . speed i s h i g h i n t h e example problem and t h a t t h e pressure assumed f o r t h e press f i t i s probably moderate. However, t h e compressive s t r e s s due t o t h e H e r t z i a n The r o l l i n g -e l e m e n t f a t i g u e l i f e i s taken t o be i n v e r s e l y p r o p o r t i o n a l t o t h e maximum shear s t r e s s t o t h e n i n t h power ( r e f . 10). Therefore, i f we d e f i n e a l i f e r a t i o LR as t h e r a t i o o f f a t i g u e l i f e based on t h e maximum shear s t r e s s t h a t included t h e e f f e c t s o f r i n g speed and press f i t t o t h e f a t i g u e l i f e based on t h e maximum shear s t r e s s from t h e H e r t z i a n l o a d i n g only, we could w r i t e That i s , t h e c o r r e c t e d l i f e i s o n l y 0.07 times t h a t c a l c u l a t e d u s i n g stresses from t h e H e r t z i a n l o a d i n g only.
To observe these e f f e c t s over a broader range o f v a r i a b l e s , equations (47) and (49) were used t o c a l c u l a t e t h e l i f e r a t i o LR (eq. (52) f o r r i n g t h i c k -
(100 000 t o 300 000 p s i ) using r i n g speeds o f 500 and 2000 rad/sec, f o r r i n g s w i t h an o u t e r r a d i u s o f 25.4 and 63.5 mn ( 1 and 2.5 in.), a t a press f i t presnesses ( 8 ) from 0.5 t o 0.92, f o r Hertz stresses from 0 . 6 9~1 0 B t o 2.07~109 N/M2 11 sure o f 6 . 9~1 0 6 N/M2 (1000 p s i ) , and w i t h a r a d i u s r a t i o R ' 10. The r e s u l t s a r e shown i n f i g u r e s 7 t o 10. o f both 5 and F i g u r e 7, f o r a r i n g w i t h an o u t e r radius o f 63.5 m (2.5 In.) shows t h a t t h e r e l a t i v e i n f l u e n c e o f press f i t and r i n g speed on f a t i g u e l i f e diminishes as t h e Hertz s t r e s s i s increased, o r as t h e r i n g becomes t h i c k e r , o r as t h e r i n g speed i s decreased. Figure 8 shows t h e same data p l o t t e d a g a i n s t r a d i u s r a t i o . Several c a l c u l a t i o n s f o r t h e c o n d i t i o n s o f f i g u r e 7 were made w i t h R ' = 5 and t h e l i f e r a t i o r e s u l t s were t h e same. Increasing t h e press f i t pressure would lower t h e values o f LR. The pressure used i n f i g u r e s 7 and 8 represent an i n t e r f e r e n c e f i t o f about 0.051 mn (0.002 i n . ) on t h e diameter. 
and 9 shows t h a t t h e l i f e r a t i o s w i t h t h e
(1.0 i n . ) and an R ' o f 5. The l i f e r a t i o r e s u l t s w i t h an R ' o f 10 were t h e same. smaller o u t e r r a d i u s were g e n e r a l l y higher than f o r t h e corresponding l a r g e r r i n g , and were n o t so i n f l u e n c e d by r i n g speed.
Since t h e r e a r e many values o f LR o f 0.5 o r less, i t may be concluded t h a t t h e press f i t and l o a d i n g due t o r i n g speed can have a s i g n i f i c a n t e f f e c t on t h e f a t i g u e l i f e c a l c u l a t e d f o r an i n n e r -r i n g contact.
R o l l e r Bearing L i f e
Using equations (50) and (51) t h e l i f e o f t h e e n t i r e bearing can be d e t e rmined. These r e s u l t s a r e shown i n nondimensional form i n f i g u r e l l ( a ) . For a bearing w i t h o u t any c e n t r i f u g a l f o r c e o r press f i t e f f e c t s t h e normalized' l i f e i s one. Considering t h e e f f e c t s o f c e n t r i f u g a l f o r c e alone, t h e r e l a t i v e l i f e a t approximately 1.2 m i l l i o n DN I s approximately 60 percent t h e l i f e using a s t r a i g h t Lundberg-Palmgren c a l c u l a t i o n o f bearing c a t a l o g l i f e . A t t h e same speed, considering press f i t alone, t h e l i f e i s a l s o approximately 60 percent o f t h e c a t a l o g c a l c u l a t i o n . However, both e f f e c t s i n combination produce a l i f e o f approximately 40 percent o f the c a t a l o g c a l c u l a t i o n . These e f f e c t s a t higher speeds a r e more dramatic. As an example, a t The e f f e c t s o f c e n t r i f u g a l approximately 3 m i l l i o n DN, the e f f e c t o f press f i t i s lessened t o produce a l i f e o f approximately 85 percent t h e c a t a l o g l i f e . f o r c e o n l y produce a l i f e o f approximately 10 percent t h e c a t a l o g l i f e . However, i n combination, these e f f e c t s can produce a l i f e o f o n l y 8 o r 9 percent t h e bearing c a t a l o g l i f e .
E f f e c t o f Mean S t r e s s
Lundberg-Palmgren (eq. ( 5 0 ) ) i n t h e i r o r i g i n a l a n a l y s i s considered o n l y t h e maximum value o f t h e reverse orthogonal shearing s t r e s s ( r e f . 10). Metall u r g i c a l studies o f r o l l i n g -e l e m e n t specimens which f a i l e d i n surface f a t i g u e have shown, based upon crack propagation, t h a t t h e c r i t i c a l shearing stresses can be t h e orthogonal, t h e octahedral o r the maximum shear s t r e s s . A l l these shear stresses a r e a f u n c t i o n of t h e maximum H e r t z i a n ( c o n t a c t ) s t r e s s . For t h e c a l c u l a t i o n s performed h e r e i n t h e values o f t h e maximum shear s t r e s s were used i n equation (50) t o determine bearing l i f e . For a given H e r t z i a n s t r e s s and w i t h t h e a d d i t i o n of hoop stresses due t o press f i t s and c e n t r i f u g a l force, t h e mean value o f t h e shear s t r e s s w i l l increase. However, t h e amplitude o f
i o n , t h e hoop stresses impose a steady o r s t a t i c s t r e s s . The steady o r s t a t i c s t r e s s d e f i n e t h e minimum shear stress. The maximum value o f shear s t r e s s equals t h e amplitude o f t h e maximum shear s t r e s s p l u s t h e s t a t i c s t r e s s . The mean s t r e s s can be d e f i n e d as t h e average o f these two values.
A Goodman diagram type approach may be an e f f e c t i v e b u t u n t r i e d method t o account f o r t h e e f f e c t o f mean s t r e s s i n r o l l i n g -e l e m e n t f a t i g u e . R e f e r r i n g t o f i g u r e 12, t h e r e i s shown a proposed Goodman t y p e diagram based upon t h e maximum shear s t r e s s amplltude f a and t h e mean shear stress, Tm. For t h e c a l c u l a t i o n s o f f i g u r e 12, t h e amplitude o f t h e maximum shear s t r e s s t h e bearing i n n e r race was 0.39~109 N/M2 ( 5 6 100 p s i ) . would be 0.19~109 N/M2 (28 050 p s i ) . f a on The mean value Tm From reference 11, t h e value o f t h e f r a c t u r e f e from f i g u r e 12
The valuer o f as t h e va l e o f fmaX t o p r e d i c t bearing l i f e . This was done f o r t h e data o f f i g u r e l l ( a ) , t h e r e s u l t s o f which a r e shown i n f i g u r e l l ( b ) . The r e s u l t s o f t h e a n a l y s i s i n d i c a t e d bearing l i v e s f o r t h e c o n d i t i o n s shown ranging from 70 t o 80 percent o f those l i v e s where t h e r e a r e no e f f e c t s o f hoop stresses due t o c e n t r i f u g a l f o r c e and press f i t s . These l i v e s c o n t r a s t w i t h those p r e d i ct i o n s shown f o r comparison i n f i g u r e l l ( b ) based upon o n l y considering t h e maximum shear s t r e s s as a r e s u l t o f hoop s t r e s s w i t h o u t considering t h e e f f e c t o f mean shear s t r e s s . I t becomes apparent t h a t t h e r e d u c t i o n i n l i v e s p r e d i c t e d u s l n g a value o f Te from a Goodman diagram which considers hoop stresses i s l e s s s i g n i f i c a n t than using t h e r e s u l t a n t value o f t h e maximum shear stress, fmax. t o v e r i f y and r e f i n e t h i s approach.
Te from equation (53) can be used i n equations (50) and (51) fmax Experimental research needs t o be performed SUMMARY An a n a l y s i s was performed t o determine t h e e f f e c t s o f I n n e r -r i n g speed and press f i t s on r o l l e r bearing f a t i g u e l i f e . and r a d i a l s t r e s s on t h e p r i n c i p a l stresses were considered. The maximum shear stresses below t h e H e r t z i a n contact were determined f o r d i f f e . r e n t c o n d i t i o n s o f i n n e r -r i n g speed and load and were a p p l i e d t o a conventional r o l l e r bearing l i f e a n a l y s i s . gram approach. The f o l l o w i n g r e s u l t s were obtained.
The e f f e c t s o f t h e r e s u l t a n t hoop
The e f f e c t o f mean s t r e s s was determined u s i n g a Goodman d i a -1. Hoop stresses caused by press f i t s and c e n t r i f u g a l f o r c e can reduce bearing l i f e by as much as 90 percent.
2. Use o f a Goodman diagram c a l c u l a t i o n consldering mean maximum shear s t r e s s and shear s t r e s s amplitude t o determine an e f f e c t i v e maximum shear s t r e s s r e s u l t e d i n t h e c a l c u l a t i o n o f r o l l e r bearing l i f e 20 t o 30 percent l e s s than t h e o r e t i c a l l i f e p r e d i c t i o n s . 13 3. The depth t o t h e maximum shear stress remains r e l a t i v e l y unchanged by speed and press f i t , over t h e range calculated, from t h a t established by conventional theory. Interference fit pressure 6.89~1 J Nlm2 (lo00 psi).
Maxi um Hertz stress at maximum loaded roller 1290
Nlm P (187 o00 psi).
SU
Mean stress,^,,, fatigue life predictions to account for effects of hoop stresses. An a n a l y s i s was performed t o determine t h e e f f e c t s o f i n n e r -r i n g speed and press f i t s on r o l l e r bearing f a t i g u e l i f e . r a d i a l stresses on t h e p r i n c i p a l stresses were considered. The maximum shear stresses below t h e H e r t z i a n contact were determined f o r d i f f e r e n t c o n d i t i o n s o f i n n e r -r i n g speed and load, and were a p p l i e d t o a conventional r o l l e r bearing l i f e a n a l y s i s . approach. Hoop stresses caused by press f i t s and c e n t r i f u g a l f o r c e can reduce bearing l i f e by as much as 90 percent. Use o f a Goodman diagram p r e d i c t e d l i f e reductions o f 20 t o 30 percent. The depth o f t h e maximum shear s t r e s s remained v i r t u a l l y unchanged.
The e f f e c t s o f t h e r e s u l t a n t hoop and
The e f f e c t o f mean s t r e s s was determlned using a Goodman diagram 
